The progress of xylem formation in Norway spruce (Picea abies (L.) Karst.) was measured during one growing season in southern Finland. Stem radius was monitored continuously with band dendrometers, and the formation of new tracheids was determined by examination of small increment cores taken twice weekly. Tracheid production started in June and ceased in August. Xylem formation was fastest in early July, when 0.75-1.25 new tracheids were formed per day. The rate of xylem formation was significantly correlated with mean daily temperature. Synchronous fluctuations in tracheid and lumen diameters were observed at the same relative positions within each annual ring, but no relationship existed between the diameters and weather variables. The timing of changes in stem radius differed from the timing of actual xylem formation. Stem radius increased in April and May, and the fastest daily increments were recorded in June. Increases in stem radius slowed in July, but small increases were measured more than a month after xylem formation had ceased. Daily changes in stem radius were correlated with daily precipitation, reflecting changes in stem water content. Therefore, dendrometers are of dubious value for measuring the timing of actual xylem formation. Small increment cores proved to be useful in assessing actual xylem formation, but the method is laborious.
Introduction
Tree growth rate varies considerably during a growing season. Xylem formation is regulated by several factors including genotype, site, silviculture and climatic variation. Short-term changes in stem radius (positive or negative) can be monitored with band or point dendrometers. Changes in stem dimensions are not solely a result of xylem formation; they are often caused by other processes, especially changes in stem hydration (e.g., Abe and Nakai 1999) .
Typically, leaf transpiration rate changes substantially during the day. As a result, stem water potential changes constantly. Diurnal fluctuations in stem radius reflect decreasing stem water potential caused by high transpiration during the day and increasing stem water potential during the night, when transpiration ceases (Herzog et al. 1995 , Downes et al. 1999 , Offenthaler et al. 2001 , Zweifel et al. 2001 , Sevanto et al. 2002 . During a long-term water deficit, stem water potential, and thus stem radius, decrease gradually Winget 1964, Vogel 1994) .
It is not entirely clear which tissues store water and thus contribute to reversible fluctuations in stem diameter. Most authors have assumed that fluctuations in stem radius occur mainly in the phloem and bark and that fluctuations in the xylem are of minor importance (Dobbs and Scott 1971 , Molz and Klepper 1973 , Parlange et al. 1975 . Brough et al. (1986) provided evidence to support these views by reporting that mature xylem accounts for only a small proportion of the stem diameter changes in small apple trees. Based on laboratory studies, Lövdahl and Odin (1992) observed that variations in stem radius were closely related to variations in air humidity. They concluded that water was directly taken up by, and released from, the bark at the stem surface. Neher (1993) , Irvine and Grace (1997) , Offenthaler et al. (2001) and Perämäki et al. (2001) reported that substantial reversible stem radius fluctuations are caused by swelling and shrinking of the xylem.
Because of the large and frequent changes in stem radius associated with fluctuations in stem water potential, it is difficult to use dendrometer measurements to determine the rate of actual xylem formation (radial increment due to formation of new cells). On the other hand, it is laborious to monitor the rate of cell formation during a growing season. Some investigations of xylem formation have been conducted by wounding cambial initials by inserting a needle through bark (the pinning method) (Wolter 1968 , Yoshimura et al. 1981 . The injury results in wound reactions and abnormal tissue formation in the wounded area. The progress of xylem formation can then be tracked by studying the location of the damaged cells within the annual ring. However, the method is complicated and the exact location of the cambial initials at the time of pinning cannot always be precisely determined.
Xylem formation can also be tracked directly by extracting xylem samples at sufficiently short intervals (Bäucker et al. 1998 , Forster et al. 2000 . With this method, the state of xylem formation at the time of coring can easily be determined with-out great physiological impacts on the tree. Some investigations on the daily variation in stem radius of the major tree species in Finland were conducted in the 1960s and 1970s (Huikari and Paarlahti 1967 , Leikola 1969 , Simpanen 1972 . However, there are few reports on the relationship between weather variation and the rate of actual xylem formation during the growing season.
Our objective was to assess the progress of xylem formation in Norway spruce in southern Finland during the growing season. We determined the beginning and end of xylem formation and the growth rate during a growing season, and analyzed the daily effects of temperature and precipitation on xylem formation. In addition, we compared band dendrometer measurements with actual xylem formation measured by frequent sampling of small increment cores to deduce the usefulness of band dendrometers for assessing the rate of xylem formation.
Materials and methods
Five mature dominant Norway spruce (Picea abies (L.) Karst.) trees (A-E) in southern Finland (Ruotsinkylä, 60°21′ N, 25°00′ E, 45 m a.s.l.) were monitored during the 2001 growing season. The trees were in a pure Norway spruce stand on fertile mineral soil (H 100 = 30 m) classified as Oxalis-Myrtillus forest type (Cajander 1949) . Mean stem diameter of the sample trees at breast height was 27 cm and relative crown length was 68% (Table 1) .
Stainless-steel band dendrometers were installed on each tree in March 2001 at a height of about 2 m. Before installing the band, the outer bark under the band was lightly brushed to ensure smooth contact with the trunk. The thermal expansion coefficient of regular steel is 1.2 × 10 -5°C -1 , which results in an expansion of the band (length = 1.5 m) of 0.018 mm°C -1 . The thermal expansion of the steel band was corrected for in the measurements. The dendrometer operates on the basis of a potentiometer (Bourns 3590S-2-202, resistance 2 kΩ, linearity ±0.25%). Changes in tree girth were measured at a resolution of 0.1 mm, corresponding to a diameter change of about 0.03 mm. The output of the dendrometers was stored as 1-h means. From these measurements, daily values of stem circumference were calculated as the mean of hourly values and the circumference changes were converted to radial changes assuming a circular stem cross section. The dendrometer has been described in detail by E. Pesonen et al. (Finnish Forest Research Institute, Helsinki, Finland, unpublished data) .
Sampling of xylem formation was based on the method presented by Loris (1981) and further developed by Bäucker et al. (1998) . Small increment cores were sampled twice weekly with medical cannulas (2.0 × 50 mm), except in late summer and autumn when sampling was reduced to once a week. The cores were extracted at breast height and then at 1 m height. Sampling was initiated from different compass directions in different trees, and then continued successively around each stem during the growing season. A horizontal distance of at least 20 mm was maintained between adjacent sampling locations. Forster et al. (2000) reported that the injury caused by a 1.5-2.5-mm core stimulates growth for about 2 mm on each side of the wound and about 10 mm above and below it. In our samples, no traumatic tissues or collapsed cells were found that could have been caused by previous sample extraction. After the outer bark scales had been removed, the cannula was inserted about 10 mm into the stem. In the laboratory, the cores were split longitudinally to expose the radial transverse surface. Tracheids in three radial transects were counted with the aid of a stereo-microscope.
Because the non-lignified tracheids of the small cores sampled during the summer were flattened, tracheid dimensions were measured from the normal increment cores sampled in the autumn (November 13). Four cores from each tree were sampled according to the main compass directions. In the laboratory, the cores were cut into 16-µm-thick cross sections with a cryo-microtome (-16°C). The sections were stained with 1% safranin, immersed in a graded ethanol series and embedded with Canada balsam. The images (256 levels on a grey scale) were captured with a video camera (Model 4912, Cohu, Poway, CA) attached to a light microscope (Model BH-2, Olympus Optical, Tokyo, Japan). The thickness of double cell walls and lumen diameters in the radial direction were measured with an image analysis system (Image-Pro Plus, Media Cybernetics, Silver Spring, MD). Magnification of the images was 40× and the resolution was 0.18 µm per pixel. Double cell wall thickness (DCW) of cell i was calculated as the mean of two adjacent double cell walls:
Tracheids belonging to latewood were defined according to Mork (1928) as those in which the width of the common cell wall between two adjacent tracheids, multiplied by two, was equal to or greater than lumen width (LW i ) (Denne 1988) :
The Gompertz function was used to remove short-term variation from the measured time series ( y) and to describe the long-term change in number of tracheids or stem radius ( $) y :
where a, b and c are parameters. The number of tracheids formed during the growing season varied from one sampling point to another. Therefore, the "actual" number of tracheids formed during the growing season was calculated with Equation 3 from the measured number of tracheids. The estimated number of new tracheids in a row was converted to a radial increment based on tracheid dimensions measured from the cores sampled in the autumn. Because the total number of new tracheids estimated by Equation 3 was not exactly the same as the number of measured tracheids, tracheid dimensions were attached to each estimated tracheid according to their relative position in the annual ring.
Statistical significance of the differences in the characteristics of the annual ring and tracheids between different compass directions was determined by one-way analysis of variance including a random tree effect. Pairwise comparisons between the compass directions were made with Tukey's HSD test.
Mean daily temperatures and precipitation sums were obtained from a meteorological station of the Finnish Meteorological Institute located about 5 km from the study stand. Long-term means, as well as mean monthly temperatures and precipitation sums in 2001, are shown in Figure 1 .
Results
Xylem formation was highest on the north side and lowest on the south side of the sample trees (Table 2) . This difference was mainly caused by a greater number of tracheids on the north side, because the differences in tracheid dimensions between the north and south sides were small and not statistically significant. Variation in the number of tracheids between sampling locations was especially evident in the autumn when tracheid formation had ceased (Figure 2 ). It was particularly large for Trees B and D.
Trees A and E started to form new tracheids in early June, whereas no new tracheids were formed in the other trees until late June (Figure 2) . The difference between the earliest and latest initiation of tracheids was 16 days (Trees A and C, respectively). Formation of new tracheids was fastest during the first half of July, when the trees formed, on average, 0.75-1.25 new tracheids per day. Thereafter, formation of tracheids slowed and only a few new tracheids were formed in August (Figure 3 ). The period of most rapid tracheid formation occurred more or less simultaneously in all sample trees. However, in Tree A, which started to form new tracheids before the other trees, the culmination of xylem formation occurred somewhat earlier than in the other trees. The rate of tracheid formation was significantly correlated with daily mean temperature (r = 0.68) (Figure 3) .
Tracheid diameter progressively decreased from earlywood to latewood (Figure 4) . After a period of slowly decreasing tracheid diameters at the beginning of the growing season, there was a rapid decrease in tracheid diameters between relative positions 0.3 and 0.7 within the annual ring. The proportion of latewood was high, especially in Tree D (Figure 4 , Table 2 ). In latewood, tracheid diameter decreased further, but at a slower rate than in earlywood. As expected, tracheid and lumen diameters were closely correlated (r = 0.97), and the variations coincided among the sample trees (Figure 4) . The clearest common patterns were a decrease in tracheid and lumen diameter followed by a rapid recovery at relative positions 0.2-0.3, and another decrease and recovery at about relative position 0.6. The latter changes coincided with increasing wall thickness and the initiation of latewood formation. Dating of the variation patterns measured from the cores sampled in the autumn was based on the number of tracheids measured during the growing season. However, there was TREE PHYSIOLOGY ONLINE at http://heronpublishing.com The number of tracheids at each sampling during the growing season was converted to cambial increment on the basis of measured tracheid dimensions, and the result was compared with the dendrometer measurements. Dendrometer measurements showed that the increase in stem radius was rapid in April and May, fastest in June, and then slowed in July and August ( Figure 5 ). According to the tracheid measurements, xylem formation occurred most rapidly in early July, i.e., slightly before the culmination in number of new tracheids but later than the culmination in stem radius increments as determined by the dendrometer measurements. Zero, 27, 64 and 9% of the xylem was formed in May, June, July and August, respectively. Furthermore, if the beginning of growth is based on the initiation of tracheid formation, i.e., stem radius growth to that date is taken to be zero, then cumulative radial increment measured by dendrometers is lower than xylem formation determined by tracheid measurements, especially for Tree C ( Figure 5 ). The dendrometers indicated large variation in stem radius throughout the measurement period, from early April to November ( Figure 6 ). The fastest rates of radial increase coincided with a rainy period in June. The increase in mid-July, which lasted several days without interruption, was also associated with rainy days. Rainy and rainless periods resulted in step-like patterns in the dendrometer measurements (Figure 5) . When calculated over the whole measurement period, correlations between radius change and precipitation during the current and previous days were r = 0.25 and 0.41, respectively, but thereafter the correlations were lower (lag 2, r = 0.05). Correlations between radius change and mean daily temperature were low: r = 0.08, -0.00 and 0.03 for the current day and the two previous days, respectively.
Discussion
Both dendrometers and small increment cores showed S-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com shaped rate curves with low increment rates in the spring and early summer, a high increment rate in the middle of a growing season, and a gradually decreasing increment rate toward the end of a growing season (e.g., Popescu et al. 1968 , Wilpert 1990 , Schmitt et al. 2000 . However, the timing of stem radius changes (measured by dendrometers) differed from the timing of actual xylem formation (measured from cores). The dendrometers showed increases in stem radius as early as April, whereas tracheid formation began later in June. In winter, high temperatures may increase evapotranspiration at a time when water losses cannot be replaced by water uptake. In spring, increases in stem radius measured by dendrometers are most probably caused by increasing stem water content . Because dendrometers were not installed until March 2001, dehydration and shrinkage of the sample trees during the previous winter was not recorded. However, measurements were continued in winter 2002 and, on average, the stems shrank 3% from October 2001 to March 2002. showed that stem radius changes in winter can be related to frost-induced transport of water between bark and wood.
According to the dendrometer measurements, the fastest radial increment occurred in mid-June, when tracheid formation had just started. The onset of xylem formation is controlled by photoperiod, temperature and water availability (e.g., Hän-ninen 1995, Leinonen et al. 1997) , as well as auxin production (e.g., Wang et al. 1997) . During dormancy release and growth initiation of Norway spruce in Finland, the role of temperature is more important than the role of photoperiod (Partanen et al. 2001) . The underlying mechanisms were also analyzed by Pelkonen and Hari (1980) , who were able to model the springtime recovery in CO 2 uptake in Scots pine (Pinus sylvestris L.) by using temperature as the main driving variable.
Although mean monthly temperatures in May and June 2001 were similar to the long-term means (Figure 1 ), temperature variation within these months was substantial. There was an unusually cold period between mid-May and mid-June (Figure 3) , whereas the latter part of June and all of July were warmer than average. Tracheid formation did not start in any of the trees until the beginning of June, and in most trees it started during the latter part of June. These dates are late compared with those reported by Leikola (1969) After the onset of tracheid formation, there was a significant correlation between the rate of tracheid formation and daily temperature. Loris (1981) and Wang et al. (2002) found that tracheids mainly divide and enlarge during the warmest period of the growing season. This is in accordance with the observation that temperature has a strong effect on assimilate and phytohormone production in needles (Korpilahti 1988 , Lachaud 1989 . The results are also consistent with studies showing that growth variation of Norway spruce in southern Finland is mainly related to variation in summer temperature (Mikola 1950 , Henttonen 1984 , Mäkinen et al. 2001 ). The limiting effect of low temperature is known to decrease and the importance of precipitation to increase moving southward from the northern timberline (Jonsson 1969 , Spiecker 1991 , Kahle 1994 , Mäkinen et al. 2002 . Southern Finland can be considered an overlap zone where the effect of precipitation on annual growth of Norway spruce is significant, but mainly at drought-sensitive sites (Mäkinen et al. 2001) . The dendrometer data showed that stem radius variation was correlated with daily precipitation.
Tracheid production ceased in early August. These results corroborate studies carried out in southern Finland and Sweden showing that stem radius increment ceases in early August (Andersson 1953 , Huikari and Paarlahti 1967 , Leikola 1969 . The cessation of xylem formation is related to low temperatures and short days, as well as the availability of abscisic acid (e.g., Lachaud 1989 ). In our study, the stem radius continued to increase at a declining rate after xylem formation had ended (cf. Kuroda and Kiyono 1997) , suggesting that there was large shrinkage in the elastic tissues of the stem during the summer, even though stem radius increased because of xylem formation. After the warm mid-summer period, precipitation increased in the autumn, which most likely resulted in stem swelling after the cessation of xylem formation. Kuroda and Kiyono (1997) by dendrometers was small during midsummer when tracheid formation occurs. High transpiration may cause stem shrinkage during dry periods in summer because of insufficient water supply Winget 1964, Vogel 1994) . The number of tracheids formed during the growing season varied considerably at different compass directions around the stems. Although variation in tracheid number among sampling locations was not clearly visible in July when tracheid formation was rapid, variation became particularly evident in the samples taken in August and thereafter (Figure 2) . Therefore, the exact termination date of tracheid formation was difficult to determine (cf. Bäucker et al. 1998) .
Tracheids of wide rings were no larger than those of narrow rings. The difference in ring width was thus attributable to differences in tracheid number (cf. Brix and Mitchell 1980, Wang et al. 2002) . Rings are often widest on the sunny side of a stem, perhaps because one-sided warming promotes asymmetric growth (e.g., Liese and Dadswell 1959) . In contrast, we found that the number of tracheids, as well as ring widths, were largest on the northern side of the stems. Although the sample trees were in a closed stand, they were located close to a border zone between Norway spruce and hybrid aspen stands. The aspen stand to the north of the sample trees may have caused different radiation conditions within the stand that resulted in asymmetric growth (cf. Robertson 1991 , Mäkinen 1998 .
Variations in tracheid dimensions can indicate short-term environmental variations (Vysotskaya and Vaganov 1989) . Water availability has a strong influence on tracheid enlargement (e.g., Sheriff and Whitehead 1984 , Dunisch and Bauch 1994 , Abe and Nakai 1999 , and the diameters of tracheids formed during a dry period are generally small. In this study, synchronous fluctuations in tracheid diameters of the sample trees were observed at the same relative positions within the annual ring. However, in our material there was no clear relationship between weather variables and tracheid dimensions. One reason may be that the time of formation of each tracheid cannot be determined accurately. In addition, the formation and enlargement of new tracheids takes several days. Dunisch and Bauch (1994) found a long time delay between the beginning of drought and a reduction in tracheid enlargement. In addition, drought may not cause straightforward reactions in wood structure. Sheriff and Whitehead (1984) observed that the immediate effect of reduced water availability was to stimulate production of thicker tracheid walls, but cell wall thickness was reduced after a longer dry period. This type of lag effect and the methodological difficulties of determining the exact timing of tracheid formation and enlargement likely masked the effects of temperature and precipitation on tracheid dimensions. In addition, effects of weather depend on the physiological status of the tree. Radial enlargement of latewood tracheids is small (e.g., Kuroda and Kiyono 1997) and they may not respond as sensitively to environmental variations as earlywood tracheids.
It is difficult to study cambial activity without using methods that may influence long-term growth of the tree. Using a technique similar to ours, Bäucker et al. (1998) and Forster et al. (2000) demonstrated that extracting small increment cores can be done without great physiological impacts on the tree. In their study, the injury caused wound reactions and traumatic tissue formation within a circumference of about 1 cm around the insertion hole.
Another problem with the small increment core method is that immature tracheids in the enlarging zone may be destroyed by the insertion of the cannula. During the later part of the tracheid formation period, the zone of differentiating tracheids is narrower than in early summer (Kuroda and Kiyono 1997) , which may introduce a small systematic bias to the measurements. Therefore, xylem formation may have been initiated slightly earlier than measurements indicated. For the same reason, xylem formation may have ceased earlier than the cessation date estimated from our observations of tracheid numbers. Furthermore, cumulative radial increments determined from tracheid samples taken during the growing season may not correspond exactly to "actual" radial growth, because the number of tracheids at different sampling dates was transformed to radial growth by multiplying them by their final size at the last sampling. However, the newly formed tracheids undergo an enlargement period before they attain their final size.
Cumulative radial increments measured with dendrometers after the initiation of xylem formation differed considerably from those determined from tracheid samples ( Figure 5 ). According to Ellwood and Wilcox (1962) , dimensions of tracheid samples changed only slightly during sample preparation. Therefore, dimensional changes in the microscope samples probably do not explain the differences between the dendrometer measurements and xylem measurements. However, some differences were predicted, given that the reversible changes in Norway spruce stem diameter can be quite large (e.g., . In addition, the timing and amount of bark growth are unknown factors that cause differences between dendrometer measurements and tracheid measurements. The annual rhythm of xylem production may differ from that of the phloem and outer bark (Liphschitz et al. 1984) ; however, bark production is probably small compared with tracheid production.
Conclusions
Much of the variation in stem radius in Norway spruce trees is independent of xylem formation. Water content is probably the most important factor causing stem radius changes unrelated to formation of new tracheids. In spring, the beginning of xylem formation can be masked by stem swelling caused by rehydration. Likewise, increases in stem radius in late summer may be caused by stem swelling rather than xylem formation, making it difficult to determine the cessation of xylem formation from dendrometer measurements. Even during the period of the most rapid xylem formation, stem water potential may decrease, which causes inaccuracy in the assessment of radial growth rate. Thus dendrometers are of dubious value for measuring actual xylem formation. Accurate determination of xylem formation from dendrometer data would require modeling of the reversible fluctuations in stem diameter.
Xylem formation-determined using small increment cores -was significantly related to temperature. Tracheid formation was fastest during the warmest part of the growing season and, unlike in more temperate conditions, xylem formation rate did not slow during midsummer. Short-term changes in stem radius were negatively correlated with daily temperature and positively correlated with precipitation. The relationship between stem radius and weather most probably reflects changes in stem hydration rather than changes in growth rate. Small increment cores proved useful in assessing actual xylem formation, but the method is laborious, which restricts its applicability.
